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ABSTRACT
We revisit the predictions for the merger rate of massive black hole binaries detectable by the Laser Interfer-
ometer Space Antenna (LISA) and their background signal for pulsar-timing arrays. We focus on the effect of
the delays between the merger of galaxies and the final coalescence of black hole binaries, and on the effect of
supernova feedback on the growth of black holes. By utilizing a semi-analytic galaxy formation model, not only
do we account for the processes that drive the evolution of binaries at separations . 1 pc (gas-driven migration,
stellar hardening and triple/quadruple massive black hole systems), but we also improve on previous studies by
accounting for the time spent by massive black hole pairs from kpc down to a few pc separation. We also include
the effect of supernova feedback, which may eject a substantial amount of gas from the nuclear region of low-
mass galaxies, thus hampering the growth of black holes via accretion and suppressing their orbital migration in
circumbinary disks. In spite of the inclusion of these novel physical effects, we predict that the LISA detection
rate should still be in excess of ∼ 2yr−1, irrespective of the model for the seeds of the black hole population
at high redshifts. However, scenarios in which black holes form from ∼ 100M seeds are more significantly
impacted by the feedback from supernovae. We also present predictions for the mass ratio distribution of the
merger population, and find that binaries typically have mass ratios between ∼ 0.1 and 1. Predictions for the
stochastic background in the band of pulsar-timing array experiments are instead rather robust, and show only a
mild dependence on the model.
Keywords: black hole physics – galaxy dynamics – gravitation – gravitational waves
1. INTRODUCTION
The origins of massive black holes (MBHs) and the na-
ture of their co-evolution with their host galaxies remain
fundamental questions in astrophysics, which current and fu-
ture gravitational wave detectors may help decipher. MBHs
are ubiquitous in massive galaxies (Gehren et al. 1984; Ko-
rmendy & Richstone 1995) as well as in a fraction of low
mass dwarf galaxies (Reines et al. 2011, 2013; Baldassare
et al. 2019). Feedback from active galactic nuclei (AGN),
powered by growing MBHs, is commonly thought to regu-
late and quench star formation in massive galaxies (Croton
et al. 2006), and possibly dwarf galaxies as well (Dickey
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et al. 2019; Sharma et al. 2019). Despite their importance
to galaxy formation theory, the mechanisms that drive and
regulate MBH growth in galaxies, as well as the physical
processes surrounding AGN feedback, are still not well un-
derstood. Scaling relations between MBH mass and galaxy
properties are indicative of coeval growth (Kormendy & Ho
2013; McConnell & Ma 2013; Schramm & Silverman 2013),
although as the census of MBHs in the local Universe im-
proves, such relationships are found to be more complicated
than previously thought (Volonteri & Reines 2016; Shankar
et al. 2016; Barausse et al. 2017; Greene et al. 2019).
An important limitation of our understanding ofMBHs and
their effect on galaxies is related to the difficulty of studying
their early evolution at high redshift, since only themost lumi-
nous, rapidly growing MBHs are accessible by observations.
Gravitational waves represent an intriguing window into the
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history of MBHs, because their propagation through the Uni-
verse, unlike that of electromagnetic radiation, is essentially
unobstructed. The future Laser Interferometer Space An-
tenna (LISA; Amaro-Seoane et al. 2017) will be able to detect
gravitational waves emitted by merging MBHs with masses
104–107M out to redshifts greater than 20, while providing
accurate estimates on MBH mass, spin, and MBH binary or-
bital parameters (Klein et al. 2016; Colpi et al. 2019). Such
detections promise new insight into the MBH population at
early times, and may place unique constraints on models of
MBH formation and growth (Sesana et al. 2007; Volonteri &
Natarajan 2009; Berti & Volonteri 2008; Klein et al. 2016;
Ricarte & Natarajan 2018a; Bonetti et al. 2019).
Currently, pulsar timing arrays are searching for (unre-
solved) gravitational wave signals from lower redshift (z < 2),
higher mass (> 108M) MBH binaries using Milky Way pul-
sars (Lentati et al. 2015; Arzoumanian et al. 2016; Shannon
et al. 2015; Verbiest et al. 2016; Arzoumanian et al. 2018; Per-
era et al. 2019). While the sensitivity of pulsar timing arrays
is still increasing with time, the absence of a detection so far,
and the resulting upper limits on the background of unresolved
gravitational waves at nHz frequencies, are already placing
significant constraints on models of MBH mergers (Wyithe
& Loeb 2003; Sesana et al. 2008; McWilliams et al. 2014;
Rajagopal & Romani 1995; Jaffe & Backer 2003; Sesana
2013; Ravi et al. 2015; Sesana et al. 2016, 2009; Ravi et al.
2012; Kulier et al. 2015; Kelley et al. 2017; Bonetti et al.
2019), even ruling out the most extreme ones (McWilliams
et al. 2014). However, it is critical to note that this result,
as well as any future astrophysics derived from gravitational
wave detectors, relies heavily on the models used to predict
the MBH binary and merger populations and their various
underpinning assumptions.
Semi-analytic models of galaxy and MBH formation and
evolution are powerful tools for deriving astrophysics from
gravitational wave detections, as well as informing the exper-
imental setups themselves (e.g. Sesana et al. 2004; Volonteri
et al. 2008;Volonteri &Natarajan 2009; Barausse 2012;Klein
et al. 2016; Ricarte & Natarajan 2018b; Bonetti et al. 2019).
These models relate the hierarchical formation of dark matter
halos to the evolution of galaxies and their MBHs. Semi-
analytical models have been successful in reproducing the
observed evolution of galaxy morphology, color, star for-
mation rate and luminosity functions and, because they are
relatively inexpensive, have been used to explore the wide
parameter space of galaxy formation physics (e.g. Somerville
& Primack 1999; Somerville et al. 2008; Croton et al. 2006).
Critically, modern semi-analytic galaxy formation models in-
clude prescriptions for MBH growth and feedback, similarly
constrained by both galaxy observations and quasar luminos-
ity functions (Somerville et al. 2008; Barausse 2012; Sesana
et al. 2014; Ricarte & Natarajan 2018b). By tracking the
properties of merging galaxies and the formation of MBH
binaries over cosmic time, these simulations can predict how
gravitational wave signals relevant to both LISA and pulsar
timing arrays are affected by various physical processes, such
as feedback and MBH dynamical evolution on various scales.
The process of forming a MBH binary begins when two
galaxies embedded in their dark matter halos merge, and the
MBHs are still separated by 10s-100s kpc. The MBH orbital
evolution then proceeds down to separations of a few hundred
pc (Tremmel et al. 2018; Tremmel et al. 2018). However, in
order for two MBHs to merge, they must evolve down to
separations of ∼ 0.001–0.01 pc, where emission of gravita-
tional radiation can bring the MBHs to coalescence. When
the MBHs form a binary, on ∼ 1 − 10 pc scales, the dy-
namical evolution is facilitated by complicated interactions
with the binary’s stellar and gaseous environment (Quinlan
1996; Sesana & Khan 2015), as well as with other MBHs
through three/four-body interactions (Bonetti et al. 2018b,
2019). The exact evolutionary channel of a MBH binary is
partly determined by the morphology and kinematic structure
of their host galaxies (Khan et al. 2013; Holley-Bockelmann
&Khan 2015). Each of these dynamical processes effectively
results in a delay between the merger of two dark matter ha-
los/galaxies and the merger of two MBHs (and the resulting
gravitational wave emission). For the larger-scale evolution,
semi-analytic models are informed by results from cosmolog-
ical N-body and hydrodynamic simulations, while the evolu-
tion ofMBH binaries is informed by detailed binary evolution
simulations.
Indeed, because of their importance to galaxy formation,
MBHs have become an integral part of most large-scale cos-
mological hydrodynamic simulations, which have been able
to reproduceMBH and galaxy scaling relations, as well as im-
plement feedback from MBHs that can successfully regulate
and quench star formation in massive galaxies (Di Matteo
et al. 2005; Dubois et al. 2012; Vogelsberger et al. 2014;
Schaye et al. 2015; Volonteri et al. 2016; Tremmel et al.
2017; Pontzen et al. 2017; Nelson et al. 2019; Ricarte et al.
2019a). However, the poor resolution of these simulations re-
quires relatively simplistic models for MBH formation, such
that the earliest phases of growth and mergers often remain
unresolved. Because of the complicated physics involved in
fully hydrodynamic simulations, they are also generally lim-
ited to relatively small volumes with poor statistics. Most
importantly, the dynamical evolution of MBHs is often com-
pletely ignored even on resolved ∼ kpc scales, though there
are important exceptions to this (Dubois et al. 2012; Trem-
mel et al. 2017; Hirschmann et al. 2014; Pfister et al. 2019).
While some cosmological simulations have been used, with
significant post-processing, to account for unresolved MBH
binary evolution and make unique predictions relevant for
gravitational wave astrophysics (e.g. Blecha et al. 2016; Kel-
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ley et al. 2017; Katz et al. 2019), they can also be useful tools
for improving semi-analytic simulations, which, because of
their low computational cost, provide better statistics and the
ability to test the effects of different model assumptions.
Recently, cosmological hydrodynamic simulations have
seen important improvements to how MBHs are modeled,
which has lead to new results regarding their growth and
dynamical evolution. In the Romulus simulations (Trem-
mel et al. 2017), the dymamical evolution of MBHs is self-
consistently followed by using a new, sub-gridmodel account-
ing for unresolved dynamical friction (Tremmel et al. 2015).
Using these simulations, Tremmel et al. (2018) showed that
the formation ofMBH pairs with separations below a kpc (the
precursors to MBH binaries) often occurs after several Gyrs
of orbital evolution of MBH pairs at kpc-scale separations,
with many MBH pairs failing to ever form a binary within
a Hubble time (Tremmel et al. 2018). Detailed, high reso-
lution cosmological simulations of MBH formation at high
redshift have also shown that supernova (SN) feedback can
stunt early MBH growth in low mass galaxies (Dubois et al.
2015; Habouzit et al. 2017). In this paper, we combine these
new results from large-scale simulations with updated models
for MBH binary evolution (e.g. Sesana et al. 2014; Antonini
et al. 2015a; Bonetti et al. 2018b, 2019) into the semi-analytic
model for MBH and galaxy evolution of Barausse (2012).
The goal of this paper is to understand how the combination
of different assumptions for MBH formation, early growth,
and dynamical evolution affects the gravitational wave signal
expected for LISA and pulsar timing arrays.
In §2 we summarize the semi-analytic model and its phys-
ical ingredients, as well as the different model variations that
we run. Our results are presented in §3, §4, §5 and §6, in-
cluding MBH merger rates and predicted mass, redshift, and
mass ratio distributions for events detectable by LISA, quasar
luminosity functions, as well as predictions for pulsar tim-
ing arrays. In §7 we summarize our results and draw our
conclusions.
2. THE SEMI-ANALYTIC MODEL
We describe the synergic co-evolution of MBH and their
host galaxies using the semi-analytic model of Barausse
(2012), with later updates to specific aspects of it described
in Sesana et al. (2014), Antonini et al. (2015a), Bonetti et al.
(2018b) and Bonetti et al. (2019). In the following, we limit
ourselves to a brief review of themodel, referring the reader to
the aforementioned works for more details, and highlighting
the changes with respect to them. Besides slight changes in
the gas cooling, star formation and AGN feedback prescrip-
tions, which we describe in this section and against which the
results are robust, the improvements to the model on which
this paper hinges are instead described in §2.1–2.4.
The model is built on top of a dark matter merger tree con-
structed with an extended Press-Schechter algorithm (Press
& Schechter 1974; Parkinson et al. 2008) suitably modified to
reproduce the results of N-body simulations (Parkinson et al.
2008). Baryonic structures are then evolved along this dark
matter merger tree using semi-analytic prescriptions. These
structures include a chemically pristine intergalactic medium,
which accretes onto darkmatter halos and gets shock heated to
their virial temperature in high mass systems at low redshift,
or flows into halos on their dynamical time along cold fila-
ments (Dekel & Birnboim 2006; Cattaneo et al. 2006; Dekel
et al. 2009). Unlike in Barausse (2012) and other works based
on it, we allow here for a smooth transition between the shock
heating and cold filament regimes, by using the results of
Correa et al. (2018), based on hydrodynamical cosmological
simulations from the EAGLE project, and particularly their
Eqs. (11)–(15) for the fraction of hot mode gas accretion.
Cooling of the intergalactic medium and/or its inflow along
cold streams gives then origin to a cold gas phase (an “inter-
stellar medium”) that eventually undergoes star formation. In
more detail, the model tracks the evolution of gaseous/stellar
disks and spheroids, with major galaxy mergers and bar insta-
bilities disrupting disks and turning them into spheroid. The
star formation is described in spheroids via the prescriptions
of Barausse (2012), and in disks via those of Dutton & van
den Bosch (2009), who assume that star formation takes place
in dense molecular clouds.1 Star formation and SN feedback
also drive the chemical evolution of the interstellar medium.
On smaller scales, the model accounts for the formation
of nuclear star clusters (from in-situ star formation and/or
from migration of globular clusters to galactic nuclei; see
Antonini et al. 2015b,a) and the presence of MBHs. MBHs
form from high redshift seeds and then grow by accretion
of nuclear gas and coalescences with other MBHs brought
by galaxy mergers. The mass growth rate of the reservoir
of nuclear gas available within the MBH influence radius
for accretion and for in-situ nuclear star cluster formation is
assumed to be linearly correlated with star formation in the
spheroid (Granato et al. 2004; Lapi et al. 2014; Ricarte et al.
2019b), i.e. we assume ÛMnucl = A ÛMsf, sph, with the model’s
calibration against local and high-redshift observables (c.f.
Barausse 2012; Sesana et al. 2014; Antonini et al. 2015b,a,
and section 5 for a list) yielding A = 5 × 10−2. Accretion of
this nuclear gas onto the MBH is assumed to take place on
the viscous timescale evaluated at the influence radius (Sesana
et al. 2014), but is topped at ÛMbh,max = AEdd ÛMEdd, with ÛMEdd
the Eddington rate, and AEdd = 1 or 2 depending on the
1Note that these star formation prescriptions are slightly different than those
used in previous works based on Barausse (2012) – such as Sesana et al.
(2014), Antonini et al. (2015a), Bonetti et al. (2018b) and Bonetti et al.
(2019) –, but our results are robust against these changes.
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seeding model (see below). The MBH evolution also exerts a
feedback on the growth of structures (AGN feedback). While
Barausse (2012), and later work based on it, only accounted
for AGN feedback by radio jets, in this paper we also consider
the effect of radiative feedback (Bieri et al. 2017). We model
this effect by injecting 5% of the AGN luminosity into the
surrounding gas, and then computing the feedback onto the
bulge and diffuse gas distribution via Eqs. (42) and (43) of
Barausse (2012).
The most crucial aspects of our model for the prediction
of LISA event rates and the amplitude of the pulsar timing
array stochastic backgrounds are the seeding mechanism of
MBHs, and the timescales on which MBHs coalesce after
their host galaxies merge (Sesana et al. 2007; Klein et al.
2016; Bonetti et al. 2019). Several physical models for the
mass function of MBH seeds at high redshift have been put
forward, see e.g. Latif & Ferrara (2016) for a review. Here,
we consider two representative scenarios, namely a light-seed
(LS) model in which seeds are provided by the remnants of
population III stars forming in high redshift, low-metallicity
environments (Madau & Rees 2001); and a heavy-seed (HS)
model where the seeds are instead formed by the collapse
of proto-galactic disks following the onset of bar instabili-
ties (Volonteri et al. 2008).
In the LS scenario, we account for the mass losses during
stellar collapse by assuming that seeds have mass ∼ 2/3 of
the mass of the initial population III star, which we draw
randomly from a log-normal distribution function centered
on 300M, with standard deviation of 0.2 dex, and a gap
between 140 and 260 M (to account for the fact that pair in-
stability SNae are not believed to leave a black hole remnant;
see Heger & Woosley 2002). Moreover, following Volonteri
et al. (2003), in this scenario we only seed the most massive
halos, forming from the collapse of the 3.5σ peaks of the
matter density field at high redshifts z & 15. To ease the
possible discrepancy between LS models and the high red-
shift luminosity function (Madau et al. 2014), we allow for
mildly super-Eddington MBH accretion (AEdd ≈ 2) in the LS
scenario.
For the HS scenario, we adopt the model by Volonteri et al.
(2008), where protogalactic disks are assumed to become un-
stable when their Toomre parameter gets lower than a critical
threshold 2 . Qc . 3. The resulting seeds have mass related
to the properties of the host halos (c.f. Volonteri et al. 2008,
for details), but typically of the order of ∼ 105M. Following
Volonteri et al. (2008), also in this scenario we only seed
halos at z & 15, but we set AEdd = 1 (unlike for LSs). Note
also that in this paper we fix Qc = 3, unlike Bonetti et al.
(2019), where Qc = 2.5 was used. A higher value of Qc
increases the number of seeds, therefore in this paper we ex-
plore a case where HS form abundantly. This has to be taken
into account when comparing this paper’s results to previ-
ous studies using the same semi-analytical model, and also to
other semi-analytical models (Sesana et al. 2007; Ricarte &
Natarajan 2018a; Dayal et al. 2019), where HSs are normally
rare. Note that Klein et al. (2016) assumes Qc = 3, as in
this paper. However, the model for the evolution of MBH
pairs in Klein et al. (2016) was simplified with respect to this
work, especially when it comes to triple/quadruple MBH in-
teractions (c.f. Bonetti et al. 2019), and to the model for the
intermediate-scale dynamical “delays” between galaxy/halo
mergers and MBH coalescences (see below).
When it comes to the delays between galaxy and MBH
mergers, Barausse (2012); Sesana et al. (2014); Antonini et al.
(2015a); Bonetti et al. (2019) employed a rather sophisticated
model for the halo merger times, as well as for the evolution of
MBH binaries on scales below a parsec (where stellar hard-
ening, gas-driven migration, formation of triple/quadruple
MBH systems and GW emission were all accounted for), but
lacked a description for the dynamics of MBH pairs on scales
from several kpc down to a few pc (i.e. the time between the
onset of the galaxy interaction and the formation of a bound
MBH binary).
In more detail, the model of Barausse (2012); Sesana et al.
(2014); Antonini et al. (2015a); Bonetti et al. (2019) identifies
the “nodes” of the underlying dark matter merger tree with
the epoch at which the smaller (“satellite”) halo first enters
the host halo. The satellite halo is then assumed to survive
within the host as a subhalo, while losing mass because of
tidal stresses/evaporation and sinking toward the center un-
der the effect of dynamical friction. We model the mass loss
due to tidal effects by following Taffoni et al. (2003), while
for the dynamical friction time we adopt the fit (to N-body
simulations) of Boylan-Kolchin et al. (2008). Only once the
dynamical friction time has elapsed, is the subhalo assumed
to lose its individual identity. At that point, Barausse (2012);
Sesana et al. (2014); Antonini et al. (2015a); Bonetti et al.
(2019) assume that the satellite and host galaxies merge, and
that their MBHs, if present, are somehow “deposited” at dis-
tances comparable to their hardening radius ah = Gm2/(4σ2)
(where m2 is the secondary MBH’s mass Quinlan 1996). The
evolution of MBH binaries was then followed by accounting
(via semi-analytic prescriptions) for the three-body interac-
tions with stars (Sesana & Khan 2015), which extract energy
and angular momentum form the binary, resulting in a slow
secular “hardening” on timescales ∼ Gyr down to the sepa-
ration (typically 10−2 − 10−3 pc) at which GW emission is
sufficient to drive the binary to merger in less than a Hubble
time. In gas-rich galactic nuclei, where the nuclear gas mass
contained within the influence radius of the binary exceeds
the total binary mass, the model assumes instead that the bi-
nary’s evolution is driven by the gas on its viscous timescale
∼ 107 − 108 yr, again down to the separation at which GW
emission becomes dominant. Finally, first in Antonini et al.
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(2015a); Klein et al. (2016) and then, in a more rigorous fash-
ion in Bonetti et al. (2018b, 2019), the model accounts for the
possible formation of triple/quadruple MBH systems, which
can form when two galaxies merge before the hosted MBH
binary (or binaries) have had time to coalesce. These MBH
triple/quadruple systems can trigger the merger of at least two
MBHs via hierarchicalKozai-Lidov interactions (Kozai 1962;
Lidov 1962), or chaotic three-body interactions (Bonetti et al.
2018a).
2.1. Delays due to the dynamical evolution of merging
galaxies
The timescale of Boylan-Kolchin et al. (2008), which as
mentioned above we use to model the dynamical friction
from the satellite subhalo within its host, correctly accounts
for the evolution of the dark matter in a galaxy merger, but
may be too short to account also for the subsequent dynamics
of the baryonic components (and particularly theMBHs). We
therefore augment it by several additive terms, accounting for
the dynamical friction between galaxies, and later for the
dynamical friction exerted on the individual MBHs (naked or
still surrounded by a core of stars) by the stellar background,
down to the hardening radius.
In more detail, on the scale of interacting galaxy pairs, we
describe the dynamical friction timescale of two galaxies by
following Binney & Tremaine (2008):
Tdf =
2.7 Gyr
lnΛ
Ri
30 kpc
(
σh
200 km/s
)2 (100 km/s
σs
)3
(1)
Λ−1 =max
[
σs
23/2σh
,
√
2
(
σs
σh
)3]
(2)
where σs and σh are the velocity dispersions of the satellite
and host galaxies, while Ri is the initial separation, which
we set to the half-light radius of the galaxy that will form
from the merger (c.f. Sec. 2.2.2 of Barausse 2012). Note
that this expression accounts for the progressive tidal strip-
ping of the secondary galaxy along the evolution (Binney &
Tremaine 2008, at least as long as both galaxies are mod-
eled simplistically as isothermal spheres). However, if during
the earlier dynamical friction driven evolution of the satellite
subhalo within its host the satellite galaxy has already been
completely tidally stripped/evaporated (Taffoni et al. 2003),
we replace Eqs. (1)–(2) by the dynamical friction timescale
of a “naked” MBH (Binney & Tremaine 2008):
Tdf =
19 Gyr
ln[Riσ2h /(GMbh,sat)]
(
Ri
5 kpc
)2 (
σh
200 km/s
) (
108M
Mbh,sat
)
(3)
where again Ri is set to to the half-light radius of the host
galaxy (since the satellite galaxy has been completely de-
stroyed).
2.2. Delays due to dynamical evolution of MBH pairs on
kpc scales
To account for the possibility that simplified prescriptions
such as Eqs. (1)–(3)may not be sufficiently realistic on smaller
scales, we also define an additional timescale TRomulus de-
signed to fit the times spent by MBH binaries at separations
at hundreds of pc (or larger) in the Romulus simulation of
Tremmel et al. (2017). In more detail, to compute TRomulus
for each galaxy merger, we sample a probability distribution
function
dp
d logTRomulus
=
F√
2piσ
e−
(logTRomulus−log µ)2
2σ2
+ (1 − F)δ(logTRomulus − log t0) , (4)
which is the linear combination of a log-normal distribution
centered on µ and with standard deviation σ, and a Dirac
delta peaked at age of the universe t0 = 13 Gyr. This bimodal
distribution models the fact that only a fraction F < 1 of
galaxy mergers results in a close MBH pair in the simulation
of Tremmel et al. (2017), as shown in their Fig. 1 (fromwhich
we extract F as function of the stellar mass of the primary
galaxy). The times spent by close MBH pairs at separations
of hundreds of pc are instead shown in Fig. 6 of Tremmel et al.
(2018) as the differences between the orange and blue points.
We fit these differences with a log-normal distribution, which
yields µ = 1.3 Gyr and σ = 0.7 (dex).
In order to avoid double counting the galaxy merger
timescale naturally present in the cosmological simulations,
we assume that the time spent byMBH binaries at separations
of 100s-1000s pc to be max(Tdf,TRomulus), where Tdf is the
galaxy dynamical friction timescale discussed in the previous
section.
2.3. Dynamical friction on bound MBH pairs (below 100 pc
scales)
At separations comparable with the influence radius of the
primary MBH, the MBHs become bound in a binary, which
changes the details of the dynamical friction (Dosopoulou
& Antonini 2017). The dynamical friction timescale for the
binary’s evolution from the primary’s influence radius rinfl
down to a smaller separation χrinfl is given by (Dosopoulou
& Antonini 2017)
Tdf,inflbare = 1.5 × 107
[lnΛ′α + β + δ]−1
(3/2 − γ)(3 − γ)
(
χγ−3/2 − 1
)
(
M1
3 × 109M
)1/2 ( M2
108M
)−1 ( rinfl
300 pc
)3/2
yr, (5)
where M1 and M2 are the primary and secondary MBH
masses, and we assume for simplicity Λ′ ≈ rinflσ2/(GM2) ≈
M1/M2. The coefficients α, β and δ are functions of the
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power law exponent γ of the stellar density near rinfl, i.e.
ρ? ∝ (r/rinfl)−γ, and are given by Eqs. 21–23 of Dosopoulou
& Antonini (2017). Here, we assume γ = 1.
Since Eq. (5) does not account for the fact that some stellar
mass from the satellite galaxy (if it has not been destroyed
by tidal effects earlier on) can remain bound to the secondary
MBH even within rinfl, we follow again Dosopoulou & An-
tonini (2017) and model this effect by the timescale
Tdf,infldressed = 1.2 × 107
[lnΛα + β + δ]−1
(3 − γ)2
(
χγ−3 − 1
)
(
M1
3 × 109M
) (
100 km s−1
σs
)3
yr , (6)
where Λ is given by Eq. (2). We therefore assume that the
decay timescale from the influence radius is given by
Tdf,infl = min
(
Tdf,inflbare ,T
df,infl
dressed
)
. (7)
2.4. Effect of SN feedback on MBH growth
Another ingredient that we add to our semi-analytic model
is the possibility that SN feedback may stunt the growth of
MBH in low-mass galaxies. Indeed, while the effect of SN
feedback on star formation is already included in the model of
Barausse (2012), its effect on the MBH growth had not been
included yet. In fact, for MBH growth the relevant quantity
is not the overall gas fraction in the galaxy, but the physical
state (density, temperature) of the gas near the MBH and how
this gas is distributed (Dubois et al. 2015).
The exact way SN explosions affect gas, and therefore
whether they are able to evacuate the gas nearMBHs, strongly
depends on the details of the process, i.e. on how the energy
released in the explosion couples to the gas. For instance,
Habouzit et al. (2017) finds that weak thermal and kinetic SN
feedback do not have a dramatic effect on the MBH growth,
while in SN feedback models where gas cooling is delayed
because of the (unresolved) shocks, accretion onto MBHs is
suppressed in low-mass systems. Importantly, the observa-
tional properties of galaxies and MBHs are well reproduced
in the simulations of Habouzit et al. (2017) only with the latter
implementation of SN feedback. To account for the possible
suppression of MBH growth in low-mass galaxies caused by
SNae, we assume that the growth rate ÛMnucl of the nuclear
gas reservoir from which the MBH accretes is quenched in
galaxies where the escape velocity from the spheroidal bulge
is lower than 270 km/s. The latter is indeed the speed of
SN winds in the delayed cooling simulations of Habouzit
et al. (2017). This suppresses MBH growth and lengthens
the viscous timescale for the evolution of MBH binaries in
circumbinary disks.
3. CATALOGUES OF MERGING MBH BINARIES
Based on the output of our semi-analytic model, we com-
pute the expected detection rate of merging MBH binaries by
the LISA mission. In more detail, we consider the models in
Table 1, and for each of themwe produce synthetic catalogues
of merging MBH binaries, including all relevant information
on each binary, such as the component masses, merger red-
shift and spins, as well as the properties of the host merging
galaxies (e.g. their merger redshift, their masses, etc.). The
merger rate per unit redshift is calculated by summing the
contributions within each redshift bin ∆z:
d2N
dzdt
=
4pic
∆z
∑
N ∈∆z
W(z)
[
dL(z)
1 + z
]2
(8)
where dL is the luminosity distance, andW(z) is the comoving
number density of the binary (obtained from the comoving
number density of its host galaxy).
For each MBH binary we then calculate the signal-to-noise
ratio (SNR) ρ, averaged over polarization, inclination and sky
position, i.e (see e.g. Cornish & Robson 2018):
ρ2 = 4
∫ fmax
fmin
|h( f )|2
Sn( f ) df , (9)
where h( f ) is the GW strain amplitude in Fourier space, and
Sn( f ) is the LISA sensitivity. We calculate the GW strain
using the PhenomC inspiral-merger-ringdown model (Santa-
maría et al. 2010), and we use the LISA sensitivity curve from
Amaro-Seoane et al. (2017), including the contribution from
the foreground from Galactic binaries (Cornish & Robson
2017, 2018). The time to merger is drawn from a uniform
distribution between 0 and the nominal mission duration (4
yr). We use ρ = 8 as the detection threshold. The number
of sources detectable in a 4-year LISA mission are shown in
Table 2, and will be discussed below.
4. LISA DETECTION RATES: DELAY MECHANISMS
AND SN FEEDBACK
In this section, we discuss in detail the results of our vari-
ous models for the predicted merger rates of MBHs and their
potential detection with LISA. Our models are summarized
in Table 1. Each model incorporates a different combination
of prescriptions pertaining to intermediate-scale dynamical
evolution of MBHs (as described in §2.1–2.3), as well as SN-
regulated MBH growth (§2.4). Each evolutionary model is
applied starting from either a LS or HS high redshift popula-
tion, as described in §2.
In Table 2, we report the total number of MBH mergers,
as well as the number of detections expected in 4 years of
observations with LISA, for eachmodel. For the noSN-delays
model, we find the same general trend found in previous work
(Sesana et al. 2007; Klein et al. 2016; Bonetti et al. 2019),
i.e. that common, low mass seeds produce significantly more
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Table 1. Summary of all models explored in this work.
Model SN feedback on MBH growth galaxy/BH dynamical friction kpc-scale delays . 100 pc delays
(Habouzit et al. 2017) (Binney & Tremaine 1987) (Tremmel et al. 2018) (Dosopoulou & Antonini 2017)
SN-delays 3 3 3 3
SN-delays-medium 3 3 7 3
SN-delays-short 3 7 7 3
SN-nodelays 3 7 7 7
noSN-delays 7 3 3 3
noSN-nodelays 7 7 7 7
detected mergers than high mass seeds. Interestingly, this
trend is reversed for models accounting for the effect of SN
feedback on MBH growth. Low mass black holes are those
whose merger and detection prospects are most affected by
SN feedback, because their arrested growth yields not only
longer binary formation timescales (see Eqs. 3 and 5), but
also lower SNRs, since low mass binaries tend to coalesce at
the high-frequency end of the LISA sensitivity curve.
The impact of SN explosions on theHSmodels ismore sub-
tle. Without any intermediate-scale delays, SN feedback has
little effect, as theMBHs are seeded at masses large enough to
form binaries in a timely manner and in a mass range readily
detectable with LISA. However, when delay times to MBH
binary formation are included, SN feedback increases the
merger rate. Without SN regulation, massive seeds experi-
ence more early growth, generally increasing their spins (Ba-
rausse 2012; Sesana et al. 2014). Merging MBHs therefore
experience stronger recoil kicks, which tend to remove the
merger remnant from the center of the host galaxy. This
obviously prevents the remnant from coalescing with other
MBHs brought in by future galaxy mergers. Without the de-
lay mechanisms in place for MBH binary formation, MBHs
merge before they have a chance to grow and substantially
spin up, irrespective of whether SN feedback is present or
not.
High-mass seed models are much more affected by the
inclusion of MBH dynamical evolution. The inclusion of
even one of the delay timescales discussed in §2 results in
an order of magnitude decrease in both the total and detected
MBH merger rate. More detailed choices of additional delay
mechanisms have a reduced effect, but can still be important.
In particular, the inclusion of kpc-scale dynamical evolution
of MBHs within galaxy merger remnants, as predicted from
cosmological simulations (Tremmel et al. 2018), results in
a factor of ∼ 3 decrease in MBH mergers for HS models.
LS models are much less sensitive to these intermediate-
scale delays, but also see a decrease of a factor of ∼ 2 when
including these galaxy-scale delays.
In the following sections, we describe in more detail the
effect of SN feedback and intermediate-scale dynamical de-
Table 2. Total number of sources and detections expected in 4 years
of observation with LISA for all the models explored here (see Table
1 for a summary).
Model LS HS
Total Detected Total Detected
SN feedback
SN-delays 48 16 25 25
SN-delays-medium 157 38 89 88
SN-delays-short 169 33 74 73
SN-nodelays 178 36 1269 1269
No SN feedback
noSN-delays 192 146 10 10
noSN-nodelays 1159 307 1288 1288
lay timescales on the predicted distribution of MBH merger
properties and their astrophysical implications. We note that
even in our most pessimistic models, we predict several de-
tectablemergers within the LISA nominal mission duration of
4 yr, similar to previous work (Klein et al. 2016; Dayal et al.
2019; Bonetti et al. 2019). Our prediction is higher than those
derived from the Illustris cosmological simulation (Katz et al.
2019), though this is likely due to their limited resolution and
lack of MBHs in low mass dwarf galaxies (Volonteri et al.
2020).
4.1. Delay mechanisms
We first focus on the effect of MBH binary formation de-
lay timescales. Beyond standard prescriptions for dark mat-
ter halo sinking timescales, for MBH binary hardening/gas-
driven migration, and for triple/quadruple MBH interactions,
we incorporate three different intermediate-scale delay mech-
anisms in this work (c.f. §2). As outlined in Table 1, the
‘delays-short’ models account for the dynamical friction on
bound MBH pairs beginning at the primary MBH’s sphere
of influence (Dosopoulou & Antonini 2017). The ‘delays-
medium’ models additionally account for dynamical friction
acting on merging galaxies (Binney & Tremaine 2008). Fi-
nally, the ‘delays’ models further incorporate a third delay
timescale associated with the dynamical evolution of MBHs
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within galaxies, which has been calibrated to cosmological
simulations (Tremmel et al. 2018). In this section, all of the
models include SN-regulated MBH growth.
Figure 1 shows the redshift distribution of the MBH merg-
ers detectable during LISA’s 4 years of nominal mission dura-
tion. The top panel plots the results for HS models. Without
intermediate-scale delays, there are a large number of MBH
mergers predicted, the majority of which occur at high red-
shift (z > 5). However, the inclusion of even one of these
intermediate-scale delays (i.e. the SN-delays-short model;
green line) shows a substantial decrease in mergers at z > 5.
The addition of galaxy merger dynamical friction timescales
(SN-delays-medium; orange line) has a small effect of shift-
ing high-z MBH mergers to lower redshift, though the dif-
ference between SN-delays-medium and SN-delays-short is
much less significant that that between SN-nodelays and SN-
delays-short. A more significant difference is seen when the
delays from MBH dynamical evolution on kpc-scales is in-
cluded (SN-delays; blue line), which results in an additional
decrease in the merger rates, particularly at z > 2.
For low mass seeds (bottom panel of Fig. 1), only when
kpc-scale delays are included (SN-delays; blue line) is there
an appreciable effect on the MBH merger rate. Regardless
of the considered binary formation delay timescale, many of
the MBH mergers from low mass seeds will be missed by
LISA (as can be seen by comparing to the total number of
MBH mergers, shown by the dashed lines for two of the LS
models). This is because, unlike the HS models, LSs result
in many MBH mergers with total mass low enough to give
SNRs below our detection threshold (ρ = 8).
Figure 2 shows the total mass distribution of detectedMBH
mergers for bothHS (top) andLS (bottom)models. The inclu-
sion of intermediate-scale delays mostly affects the number
of low-mass mergers, which typically take place as the result
of low mass, high-z galaxy mergers. For HSs, this means
that longer delay timescales result in less mergers of mass
104 − 106 M. For LSs the effect is less pronounced, but the
decrease in the overall merger rate seen in Table 2 and Fig. 1
is also due to an overall decrease of mergers with mass below
104 M.
Figure 3 shows the cumulative distribution of MBHmerger
mass ratios q = M2/M1 ≤ 1 for events detectable with LISA.
The distribution is largely unaffected by MBH binary delay
timescale for HSs, except for a slight steepening trend toward
higher mass ratios when delays are included. The merger
mass ratio for the LS models is much more affected by binary
formation delays, but interestingly our model incorporating
the longest binary formation timescales (SN-delay) is more
similar to the model without delays (SN-nodelays) than to the
short and medium delay models. This is caused by the imple-
mentation of dynamical friction on bound MBH pairs, which
has an explicit dependence on M−12 (see Eq. (5)): that will
Figure 1. Number of total (dashed lines) and detected (solid lines)
MBH mergers per unit redshift during a 4-year LISA mission in
the HS and LS models that include SN feedback (upper and lower
panels, respectively; see Table 1 for a summary of the models). The
difference between total and detected mergers for HS models is very
small and not visible in this plot.
preferentially delay lowmass ratioMBHmergers, which have
already longer sinking timescales, resulting in fewer mergers
with low mass ratios. Dynamical friction between galaxies
delays galaxy mergers and allows the MBHs (and particularly
the primary) to grow further prior to binary formation, re-
sulting in more low mass ratio mergers. The additional delay
associated with kpc-scale dynamical evolution increases this
effect until the distribution is nearly the same as without any
delays.
4.2. SN feedback
Next, we explore the effect of SN feedback (Habouzit et al.
2017) on the detection rates and properties of MBH binaries.
We compare this effect to that of binary formation delay times
by including both ‘delays’ and ‘nodelays’ models, each with
and without SN feedback. In Fig. 4, we show the redshift
distribution of the predicted 4-year LISA detections. As also
evident from Table 2, the HS model is not strongly affected
by SN feedback, while the low mass seeds are significantly
impacted (compare the pink and red curves in Fig. 4).
The reason for this sensitivity of LS models to SN feedback
can be understood from Fig. 5, which shows that the num-
ber of detected mergers in the 105 − 107M mass range, to
which LISA is most sensitive, is drastically reduced relative
to models without SN feedback. This deficit is inherited from
the fact that the total number of these binaries (i.e. before
the SNR cutoff) is reduced in LS models with SN feedback,
because SN winds tend to expel nuclear gas, which results in
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Figure 2. Number of detected mergers as a function of total MBH
mass in the HS and LS models that include SN feedback (upper and
lower panels, respectively). The mass distribution of LS models is
barely unaffected by time delays. InHSmodels, low-mass (and high-
redshift; see Fig. 1) binaries acquire large delays due to dynamical
friction.
Figure 3. Fraction of detected mergers with mass ratio below q in
the HS and LS models with SN feedback (upper and lower panels,
respectively). The distribution in HS models slightly shifts towards
larger q (more equal mass ratio) in models with large delays (note
that about 10% of the mergers in the HS models have q . 0.1). In
contrast, including all time delays in LS models produces a distribu-
tion with a pronounced tail toward low q.
suppression of seed growth (due to lack of accretion) and in
longer timescales for binary migration in circumbinary disks.
Next, in Fig. 6, we compare the shape of the distribution
(normalized to total detections) of SNR values when the four
antipodalmodel prescriptions, delay/no-delay and SN/no-SN,
are considered. As in the previous figures, the upper panel
shows results from the HS scenario, while the bottom panel
concerns the LS case. From the figure, it can be seen that the
SNR distribution reflects the mass distribution of the sources
(Fig. 5). As expected, the SNR distribution in LS models
peaks at lower SNR values due to the low source mass. The
shape of the mass distribution for LSs is not greatly affected
by dynamical delays (see §4.1), but is significantly affected
by SN feedback. As a result, when SN explosions are in-
cluded, the number of high SNR sources in the LS scenario
declines. For HS models, the SNR distribution is more af-
fected byMBHdynamics, with longerMBHbinary formation
timescales resulting in more high SNR systems compared to
low SNR. This is due to the decrease in lowmassMBHmerg-
ers, to the delays allowing for the MBHs (and especially the
primary) to grow prior to binary formation and merger, and to
the mergers being delayed to lower redshift, where their SNR
is naturally higher (see Fig. 1). Note that the more massive
MBHs in the HS model are much less affected by SN winds
because of their high mass, which is already in the range to
which LISA is most sensitive.
Given the steeply growing distribution toward lower SNRs
in the LS models, an important conclusion from Fig. 6 is that,
if LSs are indeed realized in the universe, the total number
of LISA detections may be extremely sensitive to the SNR
threshold or, equivalently, to the LISA noise budget. There-
fore, in view of the small number of expected detections per
year in the LS scenario (in which the inclusion of SN feed-
back is crucial), particular care should be put in optimizing
LISA’s sensitivity at high frequencies, since any degrada-
tion can translate into significant event losses. For instance,
changing the single link optical measurement system noise
from 10pm/√Hz, adopted in Amaro-Seoane et al. (2017), to
15pm/√Hz, in order to account for the margin on this noise
contribution inserted in the LISA Science Requirements Doc-
ument (ESA 2018), does not affect the detection rates for the
HS models, but LS detection rates are reduced by a factor
∼ 2. To improve the sensitivity to low mass systems, joint
observations campaigns with space-based missions that are
scheduled at the same time as LISA – e.g. TianQin (Luo et al.
2016) – and which are also sensitive to MBH binaries (Wang
et al. 2019; Shi et al. 2019) may be particularly useful.
4.3. Astrophysical Implications
In this section we examine our model’s predictions for the
MBH binary population in terms of the properties of their
host galaxies and their galaxy mergers. These predictions are
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crucial to interpret LISA detections in the context of galaxy
formation and evolution, so as to use LISA data to constrain
models for the synergic co-evolution of MBHs with galax-
ies (Sesana et al. 2007; Volonteri & Natarajan 2009; Berti &
Volonteri 2008; Klein et al. 2016; Ricarte &Natarajan 2018a;
Bonetti et al. 2019), and to attempt multi-wavelength follow-
up observations of LISA sources (Tamanini et al. 2016).
4.3.1. Host galaxies of MBH mergers
In Fig. 7, we examine how both delays and SN feedback
affect the distribution of the host galaxy stellar mass. Once
again, HS models are not strongly affected by SN feedback,
but are sensitive to the dynamics of MBH binary forma-
tion. The inclusion of delays to MBH formation decreases
the number of detected mergers predicted by the model, with-
out greatly affecting the shape of the host galaxy distribution.
Conversely, the LSmodels are affected by both delays and SN
feedback. The inclusion of delays (in particular the kpc-scale
dynamical evolution of MBHs pairs) decreases the number
of MBH mergers in higher mass galaxies, while SN feedback
decreases the number of mergers at low masses (M? . 108
M). The result is that models that include SN feedback have
flatter galaxy mass distributions at the low mass end. This
is due to the fact that SN winds are efficient at removing gas
from the shallow potential wells of low-mass galaxies, thus
effectively shutting off accretion on LSs – which cannot reach
the masses at which LISA is most sensitive (∼ 105–107M)
–, and resulting also in longer binary migration timescales in
circumbinary disks.
It is important to note that all models, despite their large
differences in merger rates and mass distributions, predict
that mergers in low mass galaxies (M? . 109.5 M) dom-
inate the MBH merger population that will be detected by
LISA. This is in agreement with previous cosmological sim-
ulations (Volonteri et al. 2020). It is therefore critical that
models that hope to make predictions relevant for LISA fully
resolve high redshift mergers between low mass galaxies, a
particularly difficult challenge for large-scale cosmological
simulations.
4.3.2. The (dis)connection between galaxy and MBH mergers
Figure 8 shows the distribution of total delay times between
the coalescence of detected MBH binaries and the merger of
their progenitor galaxies. Unsurprisingly, the inclusion of
delay times results in significantly longer timescales between
galaxy and MBH mergers, similar to what has been pre-
dicted from cosmological simulations (Tremmel et al. 2018;
Volonteri et al. 2020). This fact has critical implications for
multi-messenger astrophysics, as MBHs are likely to coa-
lesce long after their host galaxies have merged. It is unlikely
that by observing a clearly disturbed or an actively merging
galaxy pair, one could identify the cradle of a LISA MBH
binary (unless the MBH binary formed as a result of an even
Figure 4. Number of detected mergers per unit redshift during a
4-year LISA mission in the HS and LS models (upper and lower
panels, respectively; see Table 1 for a summary of the models).
earlier galaxy merger event). Electromagnetic counterparts
to MBH binaries may therefore be commonly found in rel-
atively undisturbed galaxies, billions of years following the
progenitor galaxy merger event.
The timescale for LSmodels is also affected by the presence
of SN feedback. As discussed previously, SN winds remove
gas in low-mass, high-redshift galaxies and therefore curtail
MBHgrowth and gas-drivenmigration in those systems. This
has a clear impact on Fig. 8 (though not as dramatic as the
inclusion of intermediate-scale delays). Indeed, by ejecting
gas from the nuclear region, SN explosions result in the sup-
pression of circumbinary disk migration, thereby increasing
the typical delays between galaxy and MBH coalescences.
5. QUASAR LUMINOSITY FUNCTIONS
While we have discussed the predictions and implications
of the model as they relate to gravitational wave detection,
we can also examine the model results against electromag-
netic observations, namely the quasar luminosity function.
We adopt the most recent estimate of the bolometric lumi-
nosity function (Shen et al. 2020), and supplement it by an
upper limit to the faint end at z = 6. The latter is determined
in X-rays (Vito et al. 2016), but is transformed into bolo-
metric luminosity, after applying a correction for Compton
thick AGNs (Ueda et al. 2014), by using the same bolometric
correction as in Shen et al. (2020).
All of our models (both LS and HS, with and without
delays, with and without SN feedback) reproduce equally
well the quasar luminosity function at z < 3, with differences
appearing only at higher redshift. We therefore focus our
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Figure 5. Number of detected mergers as a function of total MBH
mass in theHS andLSmodels (upper and lower panels, respectively).
The mass distribution of LS models is practically unaffected by time
delays. In HS models, low-mass (and high-redshift; see Fig. 1)
binaries are ejected from their host halos in models that include time
delays.
Figure 6. Distribution (normalized to the total number of detected
events) of SNR in the HS and LS models (upper and lower panels,
respectively). The distribution of SNR in the LS models is very
mildly affected by dynamical effects that cause time delays, whereas
in the HS case, dynamical effects on 100-pc scales affect mostly
low-mass systems (see Fig. 2) and/or systems with unequal mass
ratio (see Fig. 3). As a result, the ’surviving’ binaries have higher
SNR in HSmodels with large time delays. Note also that the SNR in
LS models without SN feedback shift towards slightly higher values
relative to the case with SN feedback.
Figure 7. Number of detected MBH mergers per unit stellar mass
of the host galaxy in the HS and LS models (upper and lower panels,
respectively). MBH merger rates are suppressed in low mass halos
by SN winds, and are everywhere suppressed by delays due to MBH
dynamics on 10s-1000s pc scales. Regardless of model details, a
consistent prediction is that the majority of MBHmergers detectable
by LISA occur in dwarf galaxies of mass M? . 109.5 M .
Figure 8. Distribution of delay times between galaxy and binary
merger for the detected binaries, in the LS and HS models.
comparison at z = 6 (Fig. 9) and discuss lower redshifts only
briefly.
Dynamical delays do not have a noticeable effect on the
luminosity function. Inclusion of the effect of SN feedback
on MBH growth has the strongest impact on LS models. The
specific implementation used here for SN feedback causes a
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Figure 9. Bolometric quasar luminosity function at z = 6 for HS
and LS models (colored lines, upper and lower panels, respectively).
Black line: observed bolometric luminosity function (Shen et al.
2020). Black arrows: upper limits on the X-ray luminosity function
(Vito et al. 2016), transformed into bolometric luminosity.
clear underestimate of the luminosity function at z = 6 for
all LS models that include this effect.2 LS models without
SN feedback also struggle somewhat to produce sufficiently
massiveMBHs and bright quasars, but overestimate the upper
limit at the faint end. In summary, LS models without SN
feedback overestimate the number of faint quasars, while LS
models with SN feedback underestimate the number of bright
AGNs.
All HS models fare well with bright AGNs (note that
the semi-analytical model does not include halos with mass
> 1012 − 1013 at z = 6, where quasars above the knee of the
luminosity function are expected to reside). HS models with-
out SN feedback overestimate the faint end of the luminosity
function, being above the upper limit derived by Vito et al.
(2016). HS models with SN feedback are compatible with
the upper limit at the faint end, and sit nicely on the observed
portion of the luminosity function.
An interesting point is that models with very different
merger rates produce very similar luminosity functions. Table
2 shows that HS models SN-delays and SN-nodelays have a
merger rate that differs by almost two orders of magnitude (25
versus 1269), but the luminosity functions are very similar.
This comes about because models featuring the same (large)
number of MBH seeds at high redshift, but with different
2Note that Habouzit et al. (2017) find relatively good agreement with the
same upper limit starting with MBH seeds with mass ∼ 102 −103M . This
confirms again that the specific implementation of how SN feedback affects
MBH growth has a significant bearing on the results.
merger rates due to dynamical delays, can produce luminos-
ity functions compatible with observations if SN feedback
efficiently suppresses MBH accretion.
The results are similar for the various models at z = 5,
while by z = 4 they start to converge to the same luminos-
ity function, with LS and HS models faring equally well for
bright quasars, and with only LS models without SN feed-
back slightly over-predicting the faint end down to z = 3.
At even lower redshift, all models produce indistinguishable
luminosity functions.
6. STOCHASTIC BACKGROUND IN THE PULSAR
TIMING ARRAY BAND
Observations of the unresolved stochastic background of
gravitational waves by pulsar timing array experiments are
scientifically complementary to LISA operations. These ex-
periments include the European Pulsar Timing Array (EPTA)
collaboration (Desvignes et al. 2016); the Australian Parkes
Pulsar Timing Array (PPTA) experiment (Reardon et al.
2016); and the American NANOGrav collaboration (The
NANOGrav Collaboration et al. 2015). These experiments
also share their data under the patronage of the International
Pulsar Timing Array (IPTA) collaboration (Manchester et al.
2013; Verbiest et al. 2016; Perera et al. 2019).
Pulsar timing arrays attempt to detect gravitational waves
by cross-correlating the timing residuals ofms pulsars (Sazhin
1978; Foster & Backer 1990). The presence of a gravitational
wave stochastic background at frequencies ∼ nHz would pro-
duce a potentially detectable quadrupolar correlation between
the residuals of pulsars at different sky locations (Hellings &
Downs 1983). The same technique can also detect individual
gravitational wave signals, if those are strong enough to be
resolved above the stochastic background (Sesana et al. 2008;
Babak et al. 2016; Arzoumanian et al. 2018).
The stochastic background at nHz frequencies is expected to
be produced mainly by inspiraling binaries of MBHs with to-
tal masses between 108 and 1010 M at redshifts . 2 (Wyithe
& Loeb 2003; Sesana et al. 2008; McWilliams et al. 2014;
Rajagopal & Romani 1995; Jaffe & Backer 2003; Sesana
2013; Ravi et al. 2015; Sesana et al. 2016, 2009; Ravi et al.
2012; Kulier et al. 2015; Kelley et al. 2017; Bonetti et al.
2018b). While these systems are heavier than those tar-
geted by LISA, their hierarchical formation mechanism is
the same (halo/galaxy mergers followed by the formation of
MBH pairs/binaries). Therefore, pulsar timing arrays provide
a distinct, complementary (and cheaper!) way of exploring
astrophysics similar to LISA’s, but at larger scales and in
different host environments.
Interestingly, the aforementioned timing array experiments
are already ongoing and analyzing data, and have put strong
upper bounds on the stochastic background in the nHz
band (Lentati et al. 2015; Arzoumanian et al. 2016; Shannon
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et al. 2015; Verbiest et al. 2016; Perera et al. 2019). The most
robust constraint to date comes fromNANOGrav’s 11-yr data
set (Arzoumanian et al. 2018). Stronger bounds have been
put forward by PPTA (Shannon et al. 2015), but it is unclear if
those robustly account for uncertainties in the position of the
solar system baricenter. Overall, these upper bounds have put
stringent constraints on models of MBH mergers (Wyithe &
Loeb 2003; Sesana et al. 2008; McWilliams et al. 2014; Ra-
jagopal & Romani 1995; Jaffe & Backer 2003; Sesana 2013;
Ravi et al. 2015; Sesana et al. 2016, 2009; Ravi et al. 2012;
Kulier et al. 2015; Kelley et al. 2017; Bonetti et al. 2018b),
even ruling out the most extreme ones (McWilliams et al.
2014) in which such mergers are very abundant.
In Fig. 10, we show the predictions of the models presented
in this paper for the background’s characteristic strain hc , as
functions of gravitationalwave frequency and compared to the
upper bounds from EPTA, PPTA and NANOGrav. The pink
and purple shaded areas denote the envelope of the predictions
of our LS and HS scenarios, respectively. The slope of the
background follows from the assumption that circular binaries
lose energy only through the emission of GWs. Indeed, most
of the background signal comes from MBH binaries in their
early inspiral phase, where GW emission is well described by
the quadrupole formula, which gives hc ∝ f −2/3. Note that
the predictions from all models are very similar, as the signal
is mostly emitted by binaries involving MBHs with masses
above 108M at low redshift. For these systems, the impact
of the different seeding and delay prescriptions is minor.
Reassuringly, the scatter of the predictions of the differ-
ent models is very small, unlike what happens for the LISA
detection rate predictions shown above. This was to be ex-
pected (c.f. e.g. Bonetti et al. 2018b), because the dependence
on the seeding mechanism fades out when MBHs evolve to
very large masses, and because the bulk of the pulsar tim-
ing array signal comes from comparable mass MBH binaries,
for which the delays between galaxy and MBH merger are
generally shorter (Dvorkin & Barausse 2017). By comparing
to the results of Bonetti et al. (2018b), Fig. 10 suggests that
the stochastic background may be detected by pulsar timing
arrays in ≈ 15 − 20 yr of data collection, assuming a putative
array of 50 ms pulsars monitored at 100 ns level of preci-
sion. A significantly earlier detection would be achievable
with the Square Kilometer Array (SKA) telescope Dvorkin
& Barausse (2017).
7. CONCLUSIONS
In this paper, we explore how the expected event rates for
MBHmergers and their corresponding gravitational wave sig-
nals depend on the physical processes delaying the evolution
of MBHs at intermediate separations (∼ 10s − 1000s pc)
and on processes like SN feedback, which can regulate their
growth by accretion and affect their gas-driven migration. To
Figure 10. Characteristic strain of the stochastic background from
MBH binaries in the band of pulsar-timing array experiments. The
red and blue shaded regions encompass the LS and HS models,
respectively. Unlike for the merger rate in the LISA band, the pre-
dictions for the pulsar-timing array signal are quite robust and show
only a mild dependence on the model. Also shown are the sensitiv-
ity curves of ongoing pulsar-timing array experiments (Arzoumanian
et al. 2018; Shannon et al. 2015; Desvignes et al. 2016).
this purpose, we perform semi-analytic simulations of the
co-evolution of galaxies and MBHs, starting from either low
or high mass seeds for the MBH population at high redshift.
We find that, regardless of the MBH seed mass model, the
predicted rates of MBHmergers are heavily dependent on the
inclusion of both delayed binary formation and SN-regulated
MBH growth.
The effect of including even moderate delay timescales
(i.e. the inclusion of dynamical friction timescales on scales
below 100 pc as in our delays-short models) results in sig-
nificantly fewer MBH mergers for models incorporating high
mass MBH seeds. Merger rates from low mass seed models
are less sensitive to such delay timescales when SN-regulated
growth is included. The predicted MBHmerger rates are also
relatively insensitive to the detailed model choices for binary
formation timescales. However, the inclusion of galactic scale
dynamical evolution (i.e. from several kpc to∼ 100 pc separa-
tions), a phase of evolution often disregarded in semi-analytic
models, results in an additional factor of ∼ 2 − 4 decrease in
MBH merger and detection rates for both low and high-mass
seed models. The inclusion of these delay timescales mostly
affects the abundance of high-redshift, low mass (Mtot < 106
M) mergers in the case of high mass MBH seeds. For mod-
els assuming low mass MBH seeds, binary formation delay
timescales also affect the tail of the mass ratio distribution of
MBH mergers.
Feedback from SN winds primarily affects the merger rate
of low mass MBH seeds. In these models, SN feedback is
able to expel gas from the center of low mass galaxies/dark
matter halos, thereby regulating the gas reservoir available to
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MBHs in the early universe. For lowmass seedmodels, on the
one hand this decreases the intrinsic merger rate of MBHs,
as the depletion of gas results in longer binary hardening
timescales. On the other hand, SN winds also suppress seed
growth via accretion, preventingMBHs to grow to sufficiently
high masses for their mergers to be detectable with LISA.
Models with high mass MBH seeds are generally less af-
fected by SN feedback due to their already substantial masses,
which typically are already detectable by LISA. However,
when binary formation delay times are included, SN feed-
back results in slightly more numerous MBH mergers. This
happens because rapid, early mass growth spins MBHs up if
SN feedback is unaccounted for. As a result, when MBHs
merge at high redshift, the MBH remnant forming from the
merger experiences a strong gravitational recoil kick. The
kick can even be high enough to remove the MBH remnant
from the host galaxy, depleting the number of central MBHs
available to experience future mergers.
Another important consequence of SN-regulated MBH
growth is on the predicted luminosity function at high red-
shift. Both low and high-mass seed models predict too many
low luminosity MBHs without SN feedback. The effect of
SN feedback is less dramatic for high mass MBH seeds, but
still significant. In summary, only models that include SN
regulated MBH growth are consistent with high-z quasar ob-
servations.
The most pessimistic model that we use in this work, which
includes the longest binary formation delay times as well
as SN-regulated growth, predicts that LISA should be able
to detect several MBH mergers during its nominal mission
duration of 4-years. This work highlights how LISA will
be a critical tool for constraining and discriminating models
of MBH growth and dynamical evolution. Conversely, we
predict that pulsar timing array detection of the gravitational
wave stochastic background should be relatively insensitive
to model variations, including, unsurprisingly, the MBH seed
masses. Rather, our results robustly show that the stochastic
background should be detectable in the near future as the
sensitivity of pulsar-timing arrays improves (Bonetti et al.
2018b; Dvorkin & Barausse 2017), and that this remains true
even for dramatically different MBH evolutionary models.
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